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1 Introduction

Background

A considerable amount of research has been performed in the last three decades
to develop data and prediction methods for airblast from accidental explosions in
underground magazines. The airblast measurements recorded in most experiments
related to this work were almost exclusively overpressure (side-on). Few attempts
were made to measure dynamic flow properties of the blast wave in the tunnel
system. During the recently-completed Joint US/Republic of Korea (ROK) R&D
Program for New Ammunition Storage Technologies, an attempt was made to
record total pressure waveforms along with the associated overpressure time-
histories. The blast waves in these experiments entrained large quantities of fine
dust that clogged the small vent ports of the total pressure gage mounts, resulting
in total pressure waveforms with an undefined component associated with the
entrained dust.

A program of small-scale, high-explosive airblast experiments was conducted
in September 1997 at the U.S. Army Waterways Experiment Station (WES) Big
Black Test Site near Vicksburg, MS, to evaluate the dynamic flow parameters
produced by detonations in underground facilities. The program consisted of six
explosive experiments using spherical C-4 explosive charges. Total pressures
were measured at two locations within the vent pipe using a WES-designed,
miniature total-pressure gage mount. The experimental program was coupled with
hydrocode calculations that allowed a comprehensive analysis of the dynamic
pressure environment and flow conditions in the model.

Objectives

The overall objectives of this research was to establish quantitatively the
dynamic pressure environment and flow parameters from confined detonations
in a simple chamber/tunnel system over a range of loading densities from
0.4 to 5.0 kg/m® and to establish the ability of the first-principles shock-physics
code CTH to model this phenomena. Specific objectives of the research program
were to evaluate the effects of explosive loading density (kilograms of explosive
per cubic meter of chamber volume), characterize the dynamic flow parameters of
the blast wave, and perform validation calculations using CTH.
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2 Procedures

Model Layout

The airblast effects research program used the steel detonation chamber
constructed for small-scale magazine tests in the US/ROK R&D Program
(Joachim, 1994). The model consisted of a detonation chamber connected to a
coaxial vent pipe section. The detonation chamber is cylindrical with an inside
diameter of 508 mm (20 in.) and a length of 1.8 m (5.9 ft), with 152.4 mm (6 in.)
thick walls. The vent pipe consisted of four one-meter long sections of 364-mm
(14.3 in.) inside diameter Schedule 80 steel pipe. The chamber was sealed with
a 76.2 mm (3 in.) steel backplate. The backplate and all vent pipe sections were
secured using 25.4-mm (1 in.) diameter, Grade 8 steel bolts.

The model is shown in elevation cross-section in Figure 1. The model
storage chamber has a cross-sectional area of 0.2027 m? and a volume of
0.3648 m>. The vent pipe cross-sectional area was 0.1038 m? and the volume
was 0.4152 m>, The total volume of the model storage magazine
was 0.7800 m’.

Instrumentation

Airblast measurements included: (1) chamber pressure, vent pipe pressures
(side-on and total), and free-field pressure (side-on and stagnation). The airblast
gage locations are shown in Figure 1 and listed in Table 1.

The detonation chamber was instrumented for side-on pressure at three
locations; one on the rear wall and two at the side wall. Side-on airblast gages
were installed at five locations along the vent pipe wall. In addition, the vent
pipe was instrumented at two locations for total pressure/flow velocity
measurements. Free-field airblast measurements were made at four ranges along
the extended centerline of the tunnel. The internal wall gages were mounted
flush with the inside surface of the chamber and vent pipe for side-on pressure
measurements. The free-field gages were placed in surface gage mounts
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such that the gage sensing surfaces were flush with the ground surface. Gage
locations are shown in Figure 1 and tabulated in Table 1. Experiment
parameters (charge mass and chamber loading density) are given in Table 2.

Two WES-designed probe mounts were positioned inside the vent pipe. Each
probe mount contained two pressure transducers; a total pressure gage at the
front of the probe (oriented face-on to the shock wave), and a side-on gage
located in a small chamber 70 mm behind the total pressure gage. The probe
side-on pressure gage sensor measured the pressure in an arched chamber with a
volume of 10,700 mm’. Pressure entered the chamber through two rows of
1.6-mm-diameter holes drilled at 10° intervals. A schematic showing the
position of the probe mount within a section of vent pipe is shown in Figure 2.

The gage signals were amplified, digitized and recorded on computer-
controlled transient data recorders. The gage signals were transmitted to the
recording trailer on 4-conductor, shielded cable (approximately 300 m long) with
a floating ground. Each channel was electronically calibrated at the digitizer by
the equivalent voltage method. A zero-time break wire wrapped around the
explosive charge triggered the transient data recorders and provided a time
reference for each event. ’

Airblast Predictions

Predicted peak airblast values are plotted versus distance in Figure 3. The
predicted peak data were obtained from two sources: BLASTX (Version 3.6)
calculations (Britt, et al., 1994), and 1/20-scale US/ROK test data. The data
from the US/ROK (Phase 3 Series I) Test 24 are plotted in Figure 3 for
comparison. After evaluating the predictions shown in Figure 3, the decision
was made to select gages and set ranges to accommodate a peak value twice the
BLASTX-calculated value.

Prediction of total pressures were made using Figure 3.8 in the CONWEP
software derived from Army TM 5-855. This figure is a plot of overpressure
(abscissa) versus dynamic pressure (ordinate axis). Entering the CONWEP
Figure 3.8 with the predicted overpressure at the gage station, the corresponding
value of dynamic pressure was obtained. The total pressure prediction was
simply the sum of the overpressure and dynamic pressure values.

Explosive Charges

Six experiments were conducted in the small-scale model using spherical C4
charges. The masses of the explosive charges used for these experiments were
0.045, 0.11 (three experiments), 0.28 and 1.36 kg. Charges were formed in a
hemispherical mold. The charge diameters were 38, 51, 69, and 118-mm,
respectively. A Reynolds Electric Bridge Wire (EBW) detonator was positioned
at the center of the diametrical plane of the hemisphere prior to putting the two
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hemispherical sections together to form the spherical charge. The charges were
suspended at the center of the test chamber using a section of panty-hose and
nylon fish line.

| Table 1
| Airblast Effects Experiments, Gage Location

Distance
from Rear Distance from
Wall of Axis of
Chamber Chamber/Tunnel Measurement Location,
Type of Measurement

Back Wall of Chamber, Chamber Pressure

Side Wall of Chamber, Chamber Pressure

Side Wall of Vent Pipe, Chamber Pressure

Side Wall of Vent Pipe, Side-on Pressure

Side Wall of Vent Pipe, Side-on Pressure

Probe Mount, Side-on Pressure

End of Probe Mount, Total Pressure

Probe Mount, Side-on Pressure

End of Probe Mount, Total Pressure

Side Wall of Vent Pipe, Side-on Pressure

Side Wall of Vent Pipe, Side-on Pressure

Free-Field, Side-on Pressure -

Free-Field, Side-on Pressure

Free-Field, Side-on Pressure

Free-Field, Side-on Pressure
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c4
Explosive Mass
(kg)

0.110000

Chamber Loading
Density
{kg/m>)

Total
Loading Density
{kg/m°)

0.110000

0.110000

0.280000

1.360000

0.045000

| 7' 1049.000000 1.028 0.468

|
|
i
t
|
|
|
7

T ' [
| ' CTH computational model for prototype underground magazine. . .

R e A e A e e =
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3 Computer Model

Computer Code

The computer model was developed using CTH, a family of codes developed
at Sandia National Laboratories for modeling problems characterized by large
deformations or strong shocks (see McGaun, et al., 1990, and Hertel, et al,
1993). CTH uses an Eulerian mesh to solve the mass, momentum and energy
conservation equations. The mesh is fixed in space, and the material flows
through the mesh in response to boundary and initial conditions. The mesh is
made up of computational cells, each of which can contain multiple materials

and voids.

The solution of the conservation equations (in the CTH codes) is performed
in two steps: a Lagrangian step and a remap step. In the Lagrangian step, the
Lagrangian forms of the governing equations are integrated across a time step,
resulting in a distorted mesh with no mass flux across cell boundaries. In the
remap step, the distorted cells are remapped back into the original mesh. Asa
result of this solution scheme, mass is conserved. The remaining conservation
equations are replaced with explicit finite volume approximations.

CTH contains models for material strength, fracture, porous materials, and
high explosive initiation and detonation. These models are applied during the
Lagrangian step, and the resulting velocities, energies, stress deviators and
internal state variables are mapped back into the initial mesh. Thermodynamic
material behavior is incorporated through two equation-of-state packages, the
Analytic Equation-Of State (ANEOS) package and the tabular SNL-SESAME
package. Tabular equation-of-state data for explosive materials are provided in
the JTWL data package. Tables in this package are derived from the Jones-
Wilkinson-Lee formula.

Computer Model Development

The scaling relation between model and prototype was developed as follows.
The access tunnel in the prototype was assumed to have a rectangular
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cross-section, 5 m wide by 5 m high. Assuming a circular cross-section of the
same area, the equivalent diameter was computed to be 5.64 m. The diameter of
the access tunnel in the small-scale model was 0.364 m. Therefore, the
geometric scale factor relating model and prototype is the ratio of the access
tunnel diameters (5.64/0.364 = 15.52). Assuming that the chamber loading
density was 1.028 kg/m’ and the charge mass in the model was 0.28 kg C4, the
equivalent charge mass of C-4 in the prototype computes to be 1,049 kg. The
dimensions of the model were scaled to prototype size by multiplying by the
scale factor of 15.52 (note: for convenience, this is referred to as the 1/15-scale
model). A grid was superimposed on the prototype magazine (2.5 cm square
cells) and the dimensions of the prototype were adjusted to make grid boundaries
coincide with cell boundaries. After gridding the prototype for the CTH
calculation, the actual prototype charge mass used in the calculation was 1,049
kg C4.

The prototype underground magazine was numerically modeled as
axisymmetric. The computational model included three materials: C-4
explosive, steel, and air. The SNL-SESAME tabular equations-of-state were
used to define the properties of the air and steel materials throughout the CTH
computations. The C-4 equation-of-state properties were obtained from
interpolation of the JWL tables in CTH. A uniform cell spacing of 2.5 cm was
applied to the x and y coordinate directions in the prototype underground
magazine problem. A graph of the initial state (before charge detonation) of the
axisymmetric computational model is shown in Figure 4. The x coordinate axis
is the axis of symmetry for the calculation. The prototype calculation contained
atotal of 1,131,900 cells.

Chapter3 Computer Model
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4 Results and Discussions

Airblast Data

Fourteen pressure channels were recorded on each of the six experiments.
One channel was lost during Experiment 5 (1.36 kg C-4) due to gage failure at
the airblast shock front arrival. Five gages on this experiment were overdriven
when the airblast pressure exceeded the maximum range of the recording system.
The remaining gages yielded excellent data. The airblast arrival times, peak
pressures, peak impulse values (from integration of the time histories) and gage
location data from the airblast effects experiments are presented in Tables 3
through 8. Plots of the recorded waveforms are given in Appendix A through F
at the end of this report.

Arrival Time

The arrival time data recorded from the pressure gages are plotted versus
distance from the center of the explosive charge in Figure 5. Lines derived from
least-square fits to the data are shown for each charge weight. The arrival time
data exhibits a consistency, the shock wave arrival times from decrease as the
charge weight is increased. Figure 5 also shows that the shock velocity
approaches the sonic velocity in air (358 m/s) at greater distances from the
source.

Measured Peak Pressure

Peak measured pressure data are plotted versus distance from the center of
the explosive charge in Figures 6 through 9, respectively. The peak pressure
data from a 0.045 kg spherical C-4 detonation are plotted in Figure 6. Separate
least-square lines have been fit to the internal and free-field data. As shown in
Figure 6, the side-on peak pressure data from the probe gages (square symbol)
plots below the trend for the wall-mounted gages (least-squares line). It is
apparent that the baffle on the probe gages reduced the measured peak value.
Peak total pressure (diamond symbol) measured at the front end of the probe

Chapter4 Results and Discussion



mount is also presented in Figure 6. The peak total pressure is approximately 1.6
times greater than the side-on pressure curve (least-squares data fit).

Peak pressure data from three 0.11-kg C-4 experiments are presented in
Figure 7. Although the internal gages show some peak data scatter, the trend is
similar to that shown for the 0.045 kg experiment (Figure 6). The free-field peak
pressure data exhibit good repeatability with a low degree of scatter. The peak
total pressure values are approximately 2.5 time greater than the side-on pressure
curve (least-squares data fit).

Figure 8 presents peak pressure data from a 0.28-kg spherical C-4 detonation
in the small-scale vented “shot-gun” magazine. Here again, the probe-mounted
side-on pressure gages record slightly lower vales of peak pressure than at the
vent tube side-on pressure gages. The peak total pressure values are
approximately three times greater than the side-on pressure curve (least-squares
data fit). The increase in total pressure is due to the factor of two increase in the
explosive charge mass, from 0.11 kg to 0.28 kg.

A comparison of pressures produced by spherical and rectangular parallel

"piped charge geometries is presented in Figure 9. A 1.36-kg experiment was

conducted in the US/ROK R&D Program using a rectangular charge that
measured 51 by 76 by 220 mm which gives an L/Ds ratio =3.1. As shown in
Figure 9, data from the two charge geometries plot within normal measurement
scatter and are essentially equal. The side-on pressures recorded by the gages
inside the probe mount cannot be differentiated from the vent tube side-on peak

data.

The stagnation pressure values recorded from the US/ROK experiment are
less than the total (stagnation) pressure data measured with the probe mounts.
The stagnation gages were placed 12.7 mm in front of a 25.4-mm steel cube
welded to the inside wall of the vent tube. The measured stagnation pressures
are influenced by wall turbulence and drag, which reduces the peak values. The
peak total (stagnation) pressure values at the center of the tube are approximately
five times greater than the side-on pressure curve (least-squares data fit). The
increase in total pressure compared to side-on pressure for this experiment is due
to the factor of 10 increase in the explosive charge mass, from 0.28 kg to 1.36

kg.

Total or stagnation pressure is the pressure exerted on a stationary object in a
flow field. The pressure recorded on this stationary object is greater than the
overpressure (side-on) within the flow. Total pressure is equal to the sum of the
overpressure and dynamic pressure at a point within an incompressible flow
where dynamic pressure is the impact component of the flow (King, 1985).

Chapter4 Results and Discussion
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Peak Impulse

The pressure waveforms were integrated to obtain impulse time histories.
The peak impulse data from the 0.045-kg experiment is plotted in Figure 10. As
shown in Figure 10, the impulse data from the probe-mounted gages behind the
baffle are indistinguishable from the impulse, values measured at the vent tube
side-on pressure gages. The value of the impulse lost through the baffle
reduction of the peak pressure is very small compared to the total impulse, and
does not significantly affect the peak impulse values. The total pressure impulse
values are approximately 1.7 times greater than the side-on impulse curve (least-
squares data fit).

Peak impulse data from the three 0.11-kg spherical C-4 detonations are
plotted in Figure 11. Although there the data exhibits some scatter it falls within
normal bounds for typical experimental data. The total pressure impulse is
approximately 1.7 times greater than the side-on impulse curve (least-squares
data fit).

Figure 12 shows the peak impulse data from the 0.28-kg spherical C-4 charge °
detonation. The total pressure impulse is approximately 1.7 time greater than the
side-on impulse curve (least-squares data fit).

A comparison of measured impulse data produced by spherical and
rectangular parallelepiped charge geometries is presented in Figure 13. The
1.36-kg experiment using the rectangular charge was conducted in the US/ROK
R&D Program. As shown in Figure 9, internal data from the two charge
geometries plot within normal measurement scatter and are essentially equal.
The side-on pressure recorded by the gages inside the probe mount cannot be
differentiated from the vent tube side-on peak data. The external impulse data
from the US/ROK experiment decrease much faster than the spherical charge
data. This is attributed to a difference in the experimental setup. The portal of
the US/ROK experiment vented onto a horizontal platform (0.61 m long by
0.91 m wide) that was connected to a sloped section to the ground. The
spherical charge experiments of this program were conducted with the portal
venting at ground level. Therefore, the decreased free-field impulse values are
attributed to the presence of the sloped section. The total pressure impulse is
approximately 1.7 time greater than the side-on impulse curve (least-squares data
fit).

Loading Density

Peak pressure data are plotted versus loading density in Figure 14. Total
loading density is the explosive weight divided by the total volume of the
chamber/tunnel system that is pressurized by the detonation at the time the
pressure wave reaches the gage. A least-squares curve has been fit to all the
side-on pressure data (spherical and rectangular charges) for all shots in this
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series. The slope of the total pressure least-squares data fit is a factor of four
times the slope of the side-on pressure curve.

Peak airblast impulse is plotted versus loading density in Figure 15. A least-
squares curve has been fit to all the side-on impulse data (spherical and
rectangular charges). The slope of the total impulse curve (least-squares data fit)
is a factor of two times the slope of the side-on impulse curve. Thus, the impluse
loading on targets along the flow path is a factor of two greater than that on
targets subjected to side-on loading.

Calculated Data

The CTH code was used to calculate pressure profiles for a detonation of
1049 kg in a full-scale version of the model magazine. Six contour plots are
plotted in Figure 16, giving a sequence of pressure contours for the shock front
and detonation products. The shock front is shown impinging on the storage
chamber walls at 1 ms after detonation. The pressure contour plot at 2 ms shows
the shock front reflecting from the chamber wall. At 4 ms the reflected waves
meet at the chamber centerline, amplifying the pressure on that axis of
symmetry. The contour plot at 4 ms also shows the shock wave traveling at a
higher velocity through the steel of the chamber wall. The remaining pressure
contour plots, at 26, 47 and 69 ms after detonation, show the progress of the
shock front along the access tunnel toward the portal.

Figure 17 compares the measured side-on pressure waveform for Gage AB-5
in the model, scaled up by the 1:15-scale factor, to the CTH calculation for the
same location in the full-scale tunnel. As shown here, there is a very good
comparison in arrival times of the various portions of the waveform. The major
difference is for the second peak of the calculation, which is the reflection of the
incident wave off the rear wall of the detonation chamber. This calculated peak
is approximately twice the measured value. Itis postulated that the reflecting
surface is much stiffer in the calculational model than it was in the small-scale
physical model. :

A comparison of three calculated waveforms - for side-on, dynamic, and
total pressure - is shown in Figure 18. The CTH computer code calculated the
side-on pressure waveform directly, but not the dynamic pressure. The
calculated air density and particle velocity waveforms for each gage location
were used to calculate the dynamic pressure waveform using the following

equation:
- ap2
Py, = pu §))
where
P,, = the dynamic pressure component at each time increment,

Chapter4 Results and Discussion
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p = the air density component at each time increment, and
u = the particle velocity component.

The total pressure waveform was computed using the following relation,

Pt=den+Pso (2)
where <
P, = the total pressure component at each time increment, and
P, = the side-on pressure component.

The calculated waveform comparison shown in Figure 18 is for the gage location
in the full-scale computational model corresponding to Gage AB-7 in the small-
scale physical model.

A comparison of the calculated full-scale total pressure waveform and the
scaled up waveform from the physical model is presented in Figure 19. The
small-scale data is converted to full-scale by multiplying the time scale by the
scale factor (15.52). As shown in Figure 19, the waveforms are in good
agreement except for the reflected peak value (second pressure peak at -
approximately 46 msec), where the calculated peak is more than twice the
measured value.

An overpressure waveform comparison at a full-scale distance of 38.3 m from
the center of the explosive charge is shown in Figure 20. This location
corresponds to Gage AB-6 in the physical model. The measured and calculated
waveforms are in relatively good agreement. The measured waveform does not
have the rapid rise time response seen in the calculation because this gage is
located behind a baffle on the side of the total pressure probe. A CONWEP
(Hyde 1988) calculated full-scale free-field overpressure waveform at the same
distance from the same charge is included in Figure 20 for an additional
comparison. This comparison emphasizes how the confinement of the
detonation chamber and tunnel increases the pressure at a given location,
compared to an open air detonation.

Figure 21 compares the total pressure and side-on overpressure impulse
waveforms in the confined space of the underground facility to calculated
(CONWEP, Hyde 1988) free-field waveforms produced by an unconfined
explosive source of the same yield at the same distance. Note the dramatic
increase in impulse resulting from confinement. As shown in Figure 21, the
calculated total impulse is a factor of 1.5 greater than the measured side-on
impulse at this location.

Calculated waveforms on the centerline of the access tunnel at 52.8 m (full-
scale) from the center of the explosive charge (Gage AB-9 in the physical model)
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are shown in Figure 22. CTH calculated the side-on pressure, air density and
particle velocity waveforms at this position in the tunnel. The dynamic pressure
waveform was computed using Equation 1. The sum of the side-on and dynamic
pressure waveforms yields the total pressure waveform (Equation 2).

A comparison of the calculated full-scale total pressure waveform (from
Figure 22) and the scaled up measured waveform from the physical model (full-
scale distance of 52.8 m) is presented in Figure 23. The small-scale data is
converted to full-scale by multiplying the time scale by the scale factor (15.52).
As shown in Figure 23, the waveforms are in good agreement. The calculated
waveform does not exhibit the large peak reflection seen in previous waveform
Comparisons.

An overpressure waveform comparison at a full-scale distance of 53.9 m from
the center of the explosive charge is shown in Figure 24. This location
corresponds to Gage AB-8 in the physical model. The measured and calculated
waveforms are in relatively good agreement. The measured waveform does not
have the rapid rise time response seen in the calculation because this gage is
located behind a baffle on the side of the total pressure probe. A CONWEP
(Hyde 1988) calculated full-scale free-field overpressure waveform is included
in Figure 24 for an additional comparison. This comparison emphasizes how the
confinement of the chamber and tunnel increases the pressure.

Figure 25 compares the total airblast impulse, and overpressure impulse
waveforms in the confined space of the underground facility, to the free-field
calculated (CONWEP, Hyde 1988) impulse waveform produced by an explosive
source of the same explosive yield at the same distance from the source. Note
the dramatic increase in impulse resulting from confinement. As shown in
Figure 25, the peak total calculated impulse is a factor of 1.7 greater than the
peak side-on (measured overpressure) impulse at this location.

A plot of peak overpressure versus distance from the rear wall of the
detonation chamber is shown in Figure 26. Overpressures were calculated on the
centerline and side wall throughout the chamber/tunnel facility. The measured
peak overpressure data are plotted in Figure 26 for comparison. The calculated
(wall) curve is a factor of two or more greater than the measured data. As was
shown in Figures 17, 18, 19, 20, 22, and 24, the greater calculated overpressure
_ values are due to the reflected (second) peak found in these waveforms.

Chapter4 Results and Discussion
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Calculated {CTH) pressure waveforms on the center line of the exit tunnel at 52.8 m

from the center of the explosive charge. The calculated overpressure waveform (CTH)
is compared with dynamic pressure (from CTH-calculated air density and shock
velocity) and total pressure (sum of side-on and dynamic pressure waveforms)
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Comparison of peak overpressures along the surface of the wall{1:15- and full-scale)

and center line (full-scale) of the chamber/tunnel, from airblast effects experiments in
small-scale vented “shot-gun” magazines
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5 Conclusions and
Recommendations

Conclusions

Tunnel airblast effects from an explosion in a full-scale underground storage
chamber were calculated with the CTH hydrocode, and the results were compared
to measurements obtained from experiments in a 1:15-scale model of the same
geometry. A total pressure waveform was computed using the CTH- calculated
side-on pressure, air density, and particle velocity waveforms. Excellent
agreements were shown when the calculated results were compared to full-scale
conversions of the model tests data.

Confinement in an underground facility dramatically increases the amplitudes
of pressure and impulse waveforms compared to those generated by detonations
in the free-field. Comparisons show that the internal pressure and impulse
waveforms are orders of magnitude greater than the free-field pressures for equal
yield and distance.

Analysis of the data indicates that a 1 kg/m’ increase in loading density
produces a correspondmg 1.7 MPa (approximately) i mcrease in overpressure and
7.2 MPa increase in total pressure. Similarly, a 1 kg/m? increase in loading
density produces a corresponding 4.7 MPa-msec increase in side-on impulse and
9.3 MPa-msec increase in total impulse. Total impulse is on the order of 1.5 to
2.0 times the side-on impulse. These observations are site specific and limited to
the magazine design used in these experiments and to the range of explosive mass
and loading density of the experiments.

Recommendations

These experiments and corresponding calculations demonstrate that CTH is
capable of calculating the internal airblast environment from an explosion in a
simple tunnel/chamber system. The CTH analysis can provide insight and
understanding of the airblast environment beyond that allowed by the limited data
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from the small-scale testing. It is recommended that the CTH code be used to
study increasingly more complex tunnel/chamber systems that are more
representative of actual underground ammunition storage facilities. This code can
also be utilized to investigate multiple detonations within the tunnel chamber
systems. Additional small-scale experiments should be conducted to ensure that
CTH is providing accurate results for these more complex tunnel/chamber
arrangements.
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Appendix A
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Pressure-Time Histories from the Detonation of
0.11 kg Spherical C-4 Charge
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A2

AB-1 Test#1: 0.11kg Spherical C-4 Charge Tdr001.001
250.0 kHz 09-26-1997 11:28:03
Cal val=1323.061, CBS=-0.0867456
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Figure Al. Pressure and impulse-time histories, Gage AB-1 on rear wall of
the detonation chamber at a horizontal distance of 0.90 m from
the center of the explosive charge, Experiment 1.
AB-2 Test #1: 0.11kg Spherical C-4 Charge Tdr002.001
250.0 kHz 09-26-1997 11:28:03
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Figure A2. Pressure and impulse-time histories, Gage AB-2 on side wall of the

detonation chamber at a horizontal distance of 0.45 m from the rear
wall of the detonation chamber, Experiment 1.
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- AB-3 Test #1: 0.11kg Spherical C-4 Charge Tdr003.001
250.0 kHz 09-26-1997 11:28:03
Cal val=1323.061, CBS=-0.0867456
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Figure A3. Pressure and impulse-time histories, Gage AB-3 on side wall of
the detonation chamber at a horizontal distance of 1.35 m from
the rear wall of the detonation chamber, Experiment 1.

AB-5 Test#1: 0.11kg Spherical C-4 Charge Tdr005.001
250.0 kHz 09-26-1997 11:28:03
Cal val=1323.061, CBS=-0.0867456
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Figure A4. Pressure and impulse-time histories, Gage AB-5, on wall of the access
tunnel at a horizontal distance of 2.61 m from rear wall of detonation

chamber, Experiment 1.
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A4

AB-6 Test #1: 0.11kg Spherical C-4 Charge Tdr006.001
250.0 kHz 09-26-1997 11:28:03
Cal val=1323.061, CBS=-0.0867456
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Figure AS. Pressure and impulse-time histories, Gage A-6 in baffled chamber on
side of probe mount at a horizontal distance of 3.37 m from the rear
wall of the detonation chamber, Experiment 1.

AB-7 Test#1: 0.11kg Spherical C-4 Charge Tdr007.001
250.0 kHz 09-26-1997 11:28:03
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Figure A6. Total pressure and impulse-time histories, Gage AB-7 on probe
mount at a horizontal distance of 3.30m from the rear wall of the
detonation chamber, Experiment 1.
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AB-8 Test#1: 0.11kg Spherical C-4 Charge Tdr008.001
250.0 kHz 09-26-1997 11:28:03
Cal val=1323.061, CBS=-0.0867456
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Figure A7. Pressure and impulse-time histories, Gage AB-8 in baffled
chamber on the side of probe mount at a horizontal distance of
4.37 m from the rear wall of the detonation chamber,

AB-9 Test#1: 0.11kg Spherical C-4 Charge Tdr009.001
250.0 kHz 09-26-1997 11:28:03
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Figure A8. Total pressure and impulse-time histories, Gage AB-9 on probe
mount at a horizontal distance of 4.30 m from the rear wall of

the detonation chamber, Experiment 1.
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AB-10 Test#1: 0.11kg Spherical C-4 Charge Tdr010.001
250.0 kHz 09-26-1997 11:28:03
Cal val=1323.061, CBS=-0.0867456
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Figure A9. Pressure and impulse-time histories, Gage AB-10 on wall of
access tunnel at a horizontal distance of 5.30 m from the rear
wall of the detonation chamber, Experiment 1.
AB-11 Test#1: 0.11kg Spherical C-4 Charge Tdr011.001
250.0 kHz 09-26-1997 11:28:03
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Figure A10. Pressure and impulse-time histories, Gage AB-11 on wall of the
access tunnel at a horizontal distance of 5.61 m from the rear
wall of the detonation chamber, Experiment 1.
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AB-12 Test #1: 0.11kg Spherical C-4 Charge Tdr012.001
_ 250.0 kHz 09-26-1997 11:28:03
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Figure Al1. Pressure and impulse-time histories, free-field Gage AB-12 at
the surface of the ground at a horizontal distance of 1.80 m
from the portal, Experiment 1.

AB-13 Test #1: 0.11kg Spherical C-4 Charge Tdr013.001
250.0 kHz 09-26-1997 11:28:03
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Figure A12. Pressure and impulse-time histories, free-field Gage AB-13 on
the surface of the ground at a horizontal distance of 3.00 m
from the portal, Experiment 1.
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A8

AB-15 Test #1: 0.11kg Spherical C-4 Charge Tdr015.001
250.0 kHz 09-26-1997 11:28:03
Cal val=1323.061, CBS=-0.0867456
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Figure A13. Pressure and impulse-time histories, free-field Gage AB-15 on the
surface of the ground at a horizontal distance of 4.80 m from the
portal, Experiment 1.

AB-17 Test #1: 0.11kg Spherical C-4 Charge Tdr017.001
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Figure A14. Pressure and impulse-time histories, field-field Gage AB-17 on
the surface of the ground at a horizontal distance of 8.00 m from
the portal, Experiment 1.
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AB-1 Test #2: 0.11kg Spherical C-4 Charge Tdr001.001
250.0 kHz 09-26-1997 12:39:55
Cal val=1323.061, CBS=-0.0867456
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Figure B1. Pressure and impulse-time histories, Gage AB-1 on rear wall of
the detonation chamber at a horizontal distance of 0.90 m from
the center of the explosive charge, Experiment 2.

AB-2 Test #2: 0.11kg Spherical C-4 Charge Tdr002.001
250.0 kHz 09-26-1997 12:39:55
Cal val=1323.061, CBS=-0.0867456
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Figure B2. Pressure and impulse-time histories, Gage AB-2 on side wall of
the detonation chamber at a horizontal distance of 0.45 m from
the rear wall of the detonation chamber, Experiment 2.
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AB-3 Test #2: 0.11kg Spherical C-4 Charge Tdr003.001

Cal val=1323.061, CBS=-0.0867456
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Figure B3. Pressure and impulse-time histories, Gage AB-3 on the side wall
of the detonation chamber at a horizontal distance of 1.35 m
‘ from the rear wall of the detonation chamber, Experiment 2.
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Flgure B4. Pressure and Impulse-time histories, Gage AB-5 on wall of the
access tunnel at a horizontal distance of 2.61 m from the rear
wall of the detonation chamber, Experiment 2.
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Figure BS. Pressure and impulse-time histories, Gage AB-6 in baffled
chamber on the side of probe mount at horizontal distance of
3.37 m from the rear wall of the detonation chamber,
Experiment 2.
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Figure B6. Total pressure and impulse-time histories, Gage AB-7 on probe
mount at horizontal distance of 3.30 m from the rear wall of
the detonation chamber, Experiment 2.
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Figure B7. Pressure and impulse-time histories, Gage AB-8 in baffled
chamber on the side of probe mount at a horizontal distance of
4.37 m from the rear wall of the detonation chamber,
Experiment 2.
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Figure BS. Total pressure and impulse-time histories, Gagé AB-9 on probe

mount at a horizontal distance of 4.30 m from the rear wall of the

detonation chamber, Experiment 2.
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Figure B9. Pressure and impulse-time histories, Gage AB-10 on wall of the
access tunnel at a horizontal distance of 5.30 m from the rear
wall of the detonation chamber, Experiment 2.
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Figure B10. Pressure and impulse-time histories, Gage AB-11 on the wall of
the access tunnel at a horizontal distance of 5.61 m from the
rear wall of the detonation chamber, Experiment 2.
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Figure B11. Pressure and impulse-time histories, free-field Gage AB-12 on

the surface of the ground at a horizontal distance of 1.80 m
from the portal, Experiment 2.
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Figure B12. Pressure and impulse-time histories, free-field Gage AB-13 on

the surface of the ground at a horizontal distance of 3.00 m
from the portal, Experiment 2.
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AB-15 Test #2: 0.11kg Spherical C-4 Charge Tdr015.001
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Figure B13. Pressure and impulse-time histories, free-field Gage AB-15 on the
surface of the ground at a horizontal dlstance of 4.80 m from the
portal, Experiment 2.
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Figure B14. Pressure and impulse-time histories, free-field Gage AB-17 on the
surface of the ground at a horizontal distance of 8.00 m from the
portal, Experiment 2.
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Figure C1. Pressure and impulse-time histories, Gage AB-1 on the rear wall
of the detonation chamber at a horizontal distance of 0.90 m
from the center of the explosive charge, Experiment 3.
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Figure C2. Pressure and impulse-time histories, Gage AB-2 on side wall of
the detonation chamber at a horizontal distance of 0.45 m from
the rear wall of the detonation chamber, Experiment 3.
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AB-3 Test #3: 0.11kg Spherical C-4 Charge Tdr003.001
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Figure C3. Pressure and impulse-time histories; Gage AB-3 on the side wall of
the detonation chamber at a horizontal distance of 1.35 m from the
rear wall of the detonation chamber, Experiment 3.
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Figure C4. Pressure and impulse-time histories, Gage AB-5 on the wall of the
access tunnel at a horizontal distance of 2.61 m from the rear wall of
the detonation chamber, Experiment 3.
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Figure CS. Pressure and impulse-time histories, Gage AB-6 in a baffled
chamber on the side of probe mount at a horizontal distance of
3.37 m from the rear wall of the detonation chamber,
Experiment 3.
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Figure C6. Total pressure and impulse-time histories, Gage AB-7 on probe
mount at a horizontal distance of 3.30 m from the rear wall of
the detonation chamber, Experiment 3.
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Figure C7. Pressure and impulse-time histories, Gage AB-8 in baffled
chamber on the side of probe mount at a horizontal distance of
4.37 m from the rear wall of the detonation chamber,
Experiment 3.
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Figure C8. Total pressure and impulse-time histories, Gage AB-9 on probe
mount at horizontal distance of 4.30 m from the rear wall of the
detonation chamber, Experiment 3.
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AB-10 Test #3: 0.11 kg Spherical C-4 Charge Tdr010.001
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Figure C9. Pressure and impulse-time histories, Gage AB-10 on wall of
access tunnel at a horizontal distance of 5.30 m from ther ear
wall of the detonation chamber, Experiment 3.
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Figure C10. Pressure and impulse-time histories, Gage AB-11 on wall of the
access tunnel at a horizontal distance of 5.61 m from the rear
wall of the detonation chamber, Experiment 3.

Appendix C Airbiast Effects Research Smalil-Scale Magazine Experiment 3
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Figure C11. Pressure and impulse-time histories, free-field Gage AB-12 on the
surface of the ground at a horizontal distance of 1.80 m from the

portal, Experiment 3.
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Figure C12. Pressure and impulse-time histories, free-field Gage AB-13 on
surface of the ground at a horizontal distance of 3.00 m from

the portal, Experiment 3.
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Figure C13. Pressure and impulse-time histories, free-field Gage AB-15 on
the surface of the ground at a horizontal distance of 4.80 m
from the portal, Experiment 3
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Figure C14. Pressure and impulse-time histories, free-field Gage AB-17 on the

surface of the ground
portal, Experiment 3.
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Figure D1. Pressure and impulse-time histories, Gage AB-1 on rear wall of
the detonation chamber at a horizontal distance of 0.90 m from
the center of the explosive charge, Experiment 4.
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Figure D2. Pressure and impulse-time histories, Gage AB-2 on side wall fo
the detonation chamber at a horizontal distance of 0.45 m from
the rear wall of the detonation chamber, Experiment 4
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AB-3 Test #4: 0.28kg Spherical C-4 Charge Tdr003.001
250.0 kHz 09-29-1997 11:12:44
Cal val=1323.061, CBS=-0.0867456

750 1.6
600 /f\\ : 0.8
‘a .
Q. 450 ’ \\ ' 0
)
5 300 \\ : 08
& » _
4 "~
® 10 =8 16
[« \
0 vGL-a_ S 24
\
-150 32
60 (] 60 120 180 240 300 360 420 480 540
Time, msec

Figure D3. Pressure and impulse-time histories, Gage AB-3 on side wall of
the detonation chamber at a horizontal distance of 1.35 m from
the rear wall of the detonation chamber, Experiment 4.
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Figure D4. Pressure and impulse-time histories, Gage AB-5 on wall of the
access tunnel at a horizontal distance of 2.61 m from the rear
wall of the detonation chamber, Experiment 4.
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Figure DS, Pressure and impulse-time' histories, Gage AB-6 in baffled
chamber on the side of probe mount at a horizontal distance of
3.37 m from the rear wall of the detonation chamber,
Experiment 4.
AB-7 Test #4: 0.28kg Spherical C-4 Charge Tdr007.001
250.0 kHz 09-29-1997 11:12:44
Cal val=1323.061, CBS=-0.0867456
750 1.25
600 ,/\' mii 1
- | g
[ N
°- 450 ! 0.75 . L
g b S 2
3 30 ~— 05 &
0 2
g 150 025 3
£
0 0
-150 025
-60 0 60 120 180 240 300 360 420 480 540

Time, msec

Figure D6. Total pressure and impulse-time histories, Gage AB-7 on probe
mount at a horizontal distance of 3.30 m from the rear wall of
the detonation chamber, Experiment 4.
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Figure D7. Pressure ahd impulse-time histories, AB-8 in baffled chamber on
the side of the probe mount at a horizontal distance of 4.37 m
from the rear wall of the detonation chamber, Experiment 4.
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Figure DS. Total pressure and impulse-time histories, Gage AB-9 on probe
mount at a horizontal distance of 4.30 m from the rear wall of
the detonation chamber, Experiment 4.
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Figure D9. Pressure and impulse-time histories, Gage AB-10 on wall of
access tunnel at a horizontal distance of 5.30 m from the rear
wall of the detonation chamber, Experiment 4.
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Figure D10. Pressure and impulse-time histories, Gage AB-11 on wall of the
access tunnel at a horizontal distance of 5.61 m from the rear
wall of the detonation chamber, Experiment 4.
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Figure D11. Pressure and impulse-time histories, free-field Gage AB-12 on

the surface of the ground at a horizontal distance of 1.80 m
from the portal, Experiment 4.
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Figure D12. Pressure and impulse-time histories, free-field Gage AB-13 on
the surface of the ground at a horizontal distance of 3.00 m from

the portal, Experiment 4
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Figure D13. Pressure and impulse-time histories, free-field Gage AB-15 on
surface of the ground at a horizontal distance of 4.80 m from the
portal, Experiment 4
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Figure D14. Pressure and impulse-time histories, free-field Gage AB-17 on the

surface of the ground
portal, Experiment 4.
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Figure E1. Pressure and impulse-time histories, Gage AB-1 on rear wall of

Pressure, psi

the detonation chamber at a horizontal distance of 0.90 m from
the center of the explosive charge, Experiment 5.

AB-2 Test #5: 1.36kg Spherical C-4 Charge Tdr002.001
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Figure E2. Pressure and impulse-time histories, Gage AB-2 on side wall of
the detonation chamber at a horizontal distance of 0.45 m from
the rear wall of the detonation chamber, Experiment 5.
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AB-3 Test #5: 1.36kg Spherical C-4 Charge Tdr003.001
250.0 kHz 09-29-1997 12:12:07
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Figure E3. Pressure and impulse-time histories, Gage AB-3 on side wall of
the detonation chamber at a horizontal distance of 1.35 m from
the rear wall of the detonation chamber, Experiment S.
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Figure E4. Pressure and impulse-time histories, Gage AB-5 on the wall of
the access tunnel at a horizontal distance of 2.61 m from the
rear wall of the detonation chamber, Experiment S.
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AB-6 Test #5: 1.36kg Spherical C-4 Charge Tdr006.001
250.0 kHz 09-29-1997 12:12:07
Cal val=1323.061, CBS=-0.0867456
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Figure ES. Pressure and impulse-time histories, Gage AB-6 in baffled
chamber on side of the probe mount at a horizontal distance of
3.37 m from the rear of the detonation chamber, Experiment 5.
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Figure E6. Total pressure and impulse-time histories, Gage AB-7 on probe
mount at a horizontal distance of 3.30 m from the rear wall of
the detonation chamber, Experiment 5.
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AB-8 Test #5: 1.36kg Spherical C-4 Charge Tdr008.001
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Figure E7. Pressure and impulse-time histories, Gage AB-8 in baffled
chamber on the side of probe mount at a horizontal distance of
4.37 m from the rear wall of the detonation chamber,
Experiment 5.
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Figure ES. Total pressure and impulse-time histories, Gage AB-9 on probe
mount at a horizontal distance of 4.30 m from the rear of the
detonation chamber, Experiment 5
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AB-11 Test #5: 1.36kg Spherical C-4 Charge Tdr011.001
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Figure E9. Pressure and impulse-time histories, Gage AB-11 on wall of the
access tunnel at a horizontal distance of 5.61 m from the rear
wall of the detonation chamber, Experiment S.
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Figure E10. Pressure and impulse-time histories, free-field Gage AB-12 on
the surface of the ground at a horizontal distance of 1.80m
from the portal, Experiment 5.
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AB-13 Test #5: 1.36kg spherical C-4 Charge Tdr013.001
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Figure E11. Pressure and impulse-time histories, free-field Gage AB-13 on the
surface of the ground at a horizontal distance of 3.00 m from the
portal, Experiment S.
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Figure E12. Pressure and impulse-time histories, free-field Gage AB-15 on
the surface of the ground at a horizontal distance of 4.80 m from

the portal, Experiment 5.
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AB-17 Test #5: 1.36kg Spherical C-4 Charge Tdr017.001"
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Figure E13. Pressure and impulse-time histories, free-field Gage AB-17 on
the surface of the ground at a horizontal distance of 8.00 m
from the portal, Experiment 5.
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Figure F1. Pressure and impulse-tilhe histories, Gage AB-1 on the rear wall
of the detonation chamber at a horizontal distance of 0.90 m
from the center of the explosive charge, Experiment 6.

AB-2 Test#6: 0.045kg Spherical C-4 Charge Tdr002.001
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Figure F2. Pressure and impulse-time histories, Gage AB-2 on side wall of
the detonation chamber at a horizontal distance of 0.45 m from
the rear wall of the detonation chamber, Experiment 6.
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AB-3 Test #6: 0.045kg Spherical C-4 Charge Tdr003.001
250.0 kHz 09-29-1997 14:18:54
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Figure F3. Pressure and impulse-time histories, Gage AB-3 on side wall of
the detonation chamber at a horizontal distance of 1.35 m from
the rear wall of the detonation chamber, Experiment 6
AB-5 Test #6: 0.045kg Spherical C-4 Charge Tdr005.001
250.0 kHz 09-29-1997 14:18:54
| i Cal val=1323.061, CBS=-0.0867456
T 100 , 0.4
’ N
80 0.3
_ NN 2
; 8 e / N 02 %
\ g N [ 2
7] L)
g 20 0 é_
0 W%Wﬁ— .3- 01 =
20 0.2
-60 0 60 120 180 240 300 380 420 480 540
Time, msec
Figure F4. Pressure and Impulse-time histories, Gage AB-5 on wall of the
access tunnel at a horizontal distance of 2.61 m from the rear
wall of the detonation chamber, Experiment 6.
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AB-6 Test#6: 0.045kg Spherical C-4 Charge Tdr006.001
250.0 kHz 09-29-1997 14:18:54
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Figure F5. Pressure and impulse-time histories, Gage AB-6 in baffled
chamber on the side of probe mount at a horizontal distance of
3.37 m from the rear wall of the detonation chamber,
Experiment 6.
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Figure F6. Total pressure and impulse-time histories, Gage AB-7 on probe
mount at horizontal distance of 3.30 m from rear wall of detonation
chamber, Experiment 6. :
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AB-8 Test #6: 0.045kg Spherical C-4 Charge Tdr008.001
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Figure F7. Pressure and impulse-time histories, Gage AB-8 in baffled
chamber on the side of probe mount at a horizontal distance of
4.37 m from the rear of the detonation chamber, Experiment 6.
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Figure F8. Total pressure and impulse-time histories, Gage AB-9 on probe
mount at a horizontal distance of 4.30 m from the rear wall of
the detonation chamber, Experiment 6.
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AB-10 Test #6: 0.045kg Spherical C-4 Charge Tdr010.001
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Figure F9. Pressure and impulse-time histories, Gage AB-10 on wall of access
tunnel at a horizontal distance of 5.3 m from rear of the detonation
chamber, Experiment 6.
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Figure F10. Pressure and impulse—time histories, Gage AB-11 on wall of the
access tunnel at a horizontal distance of 5.61 m from the rear wall of
the detonation chamber, Experiment 6.
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AB-12 Test #6: 0.045kg Spherical C-4 Charge Tdr012.001
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Figure F11. Pressure and impulse-time histories, free-field Gage AB-12 on
the surface of the ground at a horizontal distance of 1.80 m from
the portal, Experiment 6.
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Figure F12. Pressure and impulse-time histories, free-field Gages AB-13 on
surface of the ground at a horizontal distance of 3.00 m from the
portal, Experiment 6.
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AB-15 Test #6: 0.045kg Spherical C-4 Charge Tdr015.001
250.0 kHz 09-29-1997 14:18:54
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Figure F13. Pressure and impulse-time histories, free-field Gage AB-15 on the
surface of the ground at a horizontal distance of 4.80 m from the
portal, Experiment 6.
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Figure F14, Pressure and impulse-time histories, free-field Gage AB-17 on the
surface of the ground at a horizontal distance of 8.00 m from the
portal, Experiment 6.
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